The phase-resetting and entrainment properties of single pacemaker cells were studied using computer simulations in a model of the rabbit sinus nodal cell, as well as using the whole-cell patch-clamp (current-clamp) technique in isolated rabbit sinus nodal cells. Spontaneous electrical activity in the cell model was reconstructed using Hodgkin-Huxley-type equations describing time-and voltage-dependent membrane currents. In both simulations and experiments, single subthreshold current pulses (depolarizing or hyperpolarizing) were used to scan the spontaneous cycle of the cells. Such pulses perturbed the subsequent discharge, producing temporary phasic changes in pacemaker period, and enabled the construction of phase response curves. On the basis of these results, we studied entrainment characteristics of the cells. For example, application of repetitive pulses allowed for phasic changes in the spontaneous cycle and resulted in stable 1:1 entrainment at a range of basic cycle length around the spontaneous cycle, or a 2:1 pattern at basic cycle length values about half the spontaneous cycle length. Between the two entrainment zones, complex Wenckebach-like patterns (e.g., 5: 4, 4:3, and 3:2) were observed. The experimental data from the isolated cell were further analyzed from a theoretical perspective, and the results showed that the topological characteristics of the phase-resetting behavior accounts for the experimentally observed patterns during repetitive stimulation of the cell. This first demonstration of phase resetting in single cells provides the basis for phenomena such as mutual entrainment between electrically coupled pacemaker cells, apparent intranodal conduction, and reflex vagal control of heart rate. (Circulation Research 1991;68:1138-1153 T .he mechanisms underlying the coordinated discharge of sinus nodal cells are not well understood. However, mechanical1l2 and electrical3-5 hypotheses have been proposed. Apart from the fact that the mechanical hypothesis seems unlikely,6'7 several ultrastructural8 and electrophysiological4-6,9-13 studies have continued to show evidence supporting the electrical hypothesis.
T .he mechanisms underlying the coordinated discharge of sinus nodal cells are not well understood. However, mechanical1l2 and electrical3-5 hypotheses have been proposed. Apart from the fact that the mechanical hypothesis seems unlikely,6'7 several ultrastructural8 and electrophysiological4-6,9-13 studies have continued to show evidence supporting the electrical hypothesis.
In one ultrastructural study,8 gap junctions thought to mediate the electrical coupling between cells have been shown to be present in rabbit sinus nodal tissue.
techniques were used to analyze the dynamics of cardiac pacemaker preparations, and it was demonstrated that cardiac pacemakers show a phasic sensitivity to brief, externally applied current pulses. Furthermore, repetitive application of such pulses results in the entrainment of the pacemaker. For example, using the sucrose gap technique on rabbit sinus nodal tissue, Jalife4 demonstrated that electrotonic interaction between two pacemaker sites, separated by the gap, resulted in a mutual entrainment of the two sites, with both pacemakers beating at either simple harmonic (1: 1, 2: 1; stimulus: response) or more complex (5:4, 4:3, 3:2) ratios. The ratios depended on the degree of coupling of the sites, as well as on their individual intrinsic periods. It was also shown that the patterns of synchronization were predictable from the phasic sensitivity of each pacemaker to the external electrotonic input. In addition, Anumonwo et al Phase Resetting and Entrainment in Single Pacemaker Cells 1139 range of stimulation frequencies produced simple phase-locked (e.g., 1:1 and 2:1) or more complex rhythms.
The sinus node is thought of as consisting of a population of pacemaker cells, or oscillators, in which all cells have slightly different intrinsic rates but have synchronized their rhythm through the interchange of electrical signals across the gap junctions. Recently, Michaels et al5 used computer simulations of the electrical activity of the sinus node to show that a possible mechanism of pacemaker coordination is the phase-dependent interactions among all cells in the sinus node. Resistive coupling of the cells resulted in their mutual entrainment to a common frequency and the emergence of a dominant pacemaker region. Furthermore, when the array was perturbed repetitively, using simulated brief acetylcholine pulses, various stimulus: response patterns, including phase-locking and irregular dynamics, were observed. 13 The various patterns of regular and irregular heart rhythms observed during repetitive stimulation of cardiac oscillators have a strong theoretical basis: it has been shown, for example, that during repetitive stimulation, the diversity of rhythms, as well as the order in which they appear, can be predicted from a simple numerical construction, also known as Farey's rule.1"'15 This numerical construction or scheme derives from theoretical work1617 and is based on the topological features of the phase-resetting behavior of the oscillator to a brief, external perturbation applied at different phases of the oscillation.
All studies of phase resetting and phase locking of cardiac pacemakers published to date have been carried out in multicellular preparations4'10"' or in computer simulations,5"18'19 and the results have been extrapolated to the single sinus nodal cell. There are limitations to the use of multicellular preparations that are related to the spatial decay of electrotonic interaction between pacemakers.4'9 Furthermore, there should be differences in the mechanisms underlying phase resetting in the adult mammalian sinus node and in chick cell aggregates. For example, because the cell aggregate preparations are embryonic and are of ventricular origin, pacemaking will depend on ionic mechanisms that are different from those responsible for sinus nodal automaticity. In the present study, we have used computer simulations, as well as single, enzymatically dissociated cells from the rabbit sinus node to study phase-resetting and entrainment properties of the adult mammalian pacemaker cell. Our results show conclusively that individual pacemaker cells respond to brief depolarizing or hyperpolarizing current pulses in a phase-dependent manner. Moreover, to our knowledge, our experimental results give the first direct demonstration of the phase-locking behavior of single sinus nodal cells subjected to repetitive electrotonic depolarizing input. These results can be used to explain the mechanisms by which thousands of sinus nodal cells synchronize Methods 
Mathematical Model
Numerical methods were used to reconstruct the spontaneous electrical activity of the rabbit sinus nodal cell by using the equations of Yanagihara et al. 20 The details of the simulations have been described previously.12 Briefly, the model assumes that spontaneous activity results from the time course of the total membrane current, which represents the algebraic sum of four time-and voltage-dependent membrane currents: a slow inward current, a fast sodium current, a hyperpolarization-activated current, and a potassium current, as well as a timeindependent leak current. In those cases in which brief current pulses were applied, the pulse current was added to the total transmembrane current flowing at each time step. The resistances representing these current systems are in parallel with the membrane capacitance (Cm= 1 ,F/cm2), and the surface area of a cell is assumed to be 1 cm2. Membrane currents are integrated at a fixed integration step Before each experiment, spontaneous activity was recorded in each cell for a period of 10 minutes to determine the suitability of the cell for the experiment. Cells were selected for use in the study if spontaneous electrical activity was reasonably stable, that is, with no significant drift and with a maximum change of less than 5% in the mean value of the spontaneous cycle length during the 10-minute recording period. For each experiment, control spontaneous cycle was determined as the mean period for the 10 consecutive cycles preceding the application of pulses. Terminology The terminology used in the present study derives from oscillator theory and has been adapted from that used in previous studies in this laboratory. 7, 25, 26 The period (T; 1/frequency) of a pacemaker -also known as the pacemaker cycle length -is the time required to complete one full cycle of activity and is measured at the peak of the sinus nodal cell action potential. The intrinsic or free-running period (Tfr) is the period in the absence of any stimulus. The time within the cycle at which a stimulus occurs is referred to as the phase (4) and is expressed either in milliseconds or as percent of Tfr (i.e., 0/Tfrx 100). A brief current pulse applied at a specific 4 transiently induces either a depolarization or a hyperpolarization (depending on pulse polarity) and may change the timing of the subsequent pacemaker discharge. It is assumed that such a change is short-lived and the pacemaker returns to its original rhythm within the next cycle (i.e., there are no transients and no overdrive suppression). The delaying or advancing effect of the stimulus is expressed as a phase shift (A4)) of the new pacemaker period with respect to the original rhythm and is presented as a phase response curve (PRC), which plots A ) as a function of 4 (for example, see Figure 2 ). The occurrence of pacemaker discharge was arbitrarily defined as the moment at which the action potential upstroke reached its maximum positive value. The depolarizations that did not reach -5 mV at their upstroke were considered unsuccessful or subthreshold (see middle [voltage] tracing of Figure 1A ; see also Ref- erence 27) .
Entrainment is defined as the "phase-locking" of a pacemaker to a repetitive stimulus with the result that either the pacemaker oscillates at the frequency of the stimulus while maintaining fixed phasic relations, or the two frequencies are harmonically related, in which case different phasic relations are repeated periodically. Because a brief electrotonic stimulus is capable of changing the pacemaker period by an amount that depends on its instantaneous phase relation to the pacemaker period, it may be considered a potentially entraining stimulus. Hence, the PRC may be used to predict the phase-locking behavior of a pacemaker in response to a repetitive electrotonic input and thus to predict the ranges of entrainment. In the case of 1: 1 (stimulus: pacemaker discharge) entrainment, the duration of the entrained pacemaker period (i-) is determined by the relation T=Tfr+AO. When the stimulus period is too brief to fall within the maximum limit of advance established by the PRC, 1:1 entrainment is lost and two current pulses may fall within a single pacemaker period. Each of these identical stimuli affects T independently and sequentially. Thus entrainment of the pacemaker at ratios higher than 1 (e.g., at the 2: 1 level) must satisfy the relation T=Tfr+ (,Al+A4,2), where ,Adl and A102 are, respectively, the phase shifts induced by the first and the second current pulses occurring within that period.
Experimental Paradigms
Two different protocols were used to study PRCs in sinus nodal pacemaker cells in response to electrotonic input.
Single-pulse PRCs. In the first protocol, phasic effects of input current of either polarity were determined in both computer simulations and experimental preparations by applying single pulses once every 10th spontaneous discharge. In the simulations, the phase of the stimulus was changed in increments of 4% of the spontaneous cycle (12. 72 msec) until the entire pacemaker cycle was scanned. In some experiments (not shown), cycles were scanned in increments of 10%. Pulse parameters were adjusted to reproduce phasic changes similar to those produced in the simulations. The phasic changes were plotted as PRCs.
Steady-state PRC and entrainment ratios. In the second protocol, repetitive depolarizing pulses were applied at various basic cycle lengths (BCLs). In changing from one BCL to another, the spontaneous cycles were monitored in the absence of current pulses to ensure that the value of Tfr remained stable.
Repetitive pulses at each BCL were applied for periods not longer than [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Figure 6 ) were plotted using a subset of data obtained during repetitive stimulation. The data subset included those in which only one pulse occurred between two upstrokes. Because the curve was derived from the entrainment data (with data points from one entrainment pattern appearing as a cluster), we have termed it a "derived PRC." The entrainment ratios were plotted for both computer simulations and experiments as the steady-state m/n ratio, where n is the number of stimuli and m is the number of sinus node action potentials, as a function of the BCL.
Phase transition curves. Phase transition curves (PTCs) are usually constructed using single pulses to systematically scan the spontaneous cycle of the oscillator.'5 Two assumptions are made: 1) the resetting of the cycle after the pulse is instantaneous, and 2) there is no "memory" effect; that is, the spontaneous cycle length is unchanged. After each pulse was applied at a given p, the length of the perturbed cycle was measured. The new phase (4') after the perturbation can be calculated for each old k by using the expression 4'=0-A0. The resulting function, 4'(4), is called the PTC.
Similar to the PRC shown in Figure 6 , the PTC in the present study was derived from entrainment data considering only the subset of beats with one stimulus between two upstrokes. For these beats, 4' was calculated and plotted as a function of the phases immediately preceding the stimulus (4) . These data points appear as clusters, with each cluster representing an entrainment pattern. A curve was fitted by eye through the clusters and was taken as the PTC. Also, because the curve was derived from the entrainment data, we have termed it a derived PTC. On the assumption of a lack of memory effect, the curve must be equivalent to the PTC determined by the single-pulse method. 15 Iteration ofPTC. Given 0,, the phase of the system at the onset of the ith stimulus, the PTC function O'(4j) gives the phase at which the system may be seen to reset by a single stimulus. Hence, the phase at the beginning of the next stimulus at time r/Tfr later is oi,1=''+ /Tfr (modulo 1). Therefore, successive phases during repetitive stimulation were obtained by iterating this function. The PTC was sampled with a total of 35 sample points to obtain 4i+l. Pi+l values between sample points were obtained by linear interpolation. The iteration was carried out for BCL values between 90 and 280 msec with increments of 0.01% of the spontaneous cycle, and for each BCL a maximum of 5,000 stimuli were applied. The initial phase of pulse application (4) was taken as 0.5 for each BCL and as the iteration proceeded, a check was carried out to determine if a periodicity was present. Periodicity was assumed if a cycle repeated four times with a less than 0.001 difference in phase between corresponding values in the repeated cycles. The activation ratio (number of responses/number of stimuli) was then calculated from that cycle. For each iteration procedure, a periodicity was always detected.
Results
The results are presented in three parts: the first part characterizes the behavior of a simulated sinus nodal cell in response to single or repetitive externally applied perturbations and provides a few predictions to be tested in the second part, in which we The curve in Figure 2A shows that depolarizing pulses applied relatively early (4<45%) in the cycle prolonged that cycle by about 9% Tfr, whereas those applied later (4>45%) shortened the cycle by as much as 37% Tfr. As shown in panel B, the PRC for the hyperpolarizing pulse differs greatly from that of the depolarizing pulse. Early application caused abbreviation of the pacemaker cycle, whereas late application caused a prolongation of the cycle. Furthermore, the limits of advancing or delaying are also different. For this hyperpolarizing pulse, cycle length abbreviation can occur to a maximum of about 7% Tf, and prolongation to a maximum of 24% Tfr. As previously demonstrated,30 aside from the polarity of the pulse, the characteristics of the PRC are dependent on other pulse parameters such as the amplitude and the duration.
Phase locking and entrainment ofthe model cell. Any periodically applied stimulus that is capable of "adjusting" the spontaneous pacemaker cycle length by an amount (equal to the difference between the At this BCL, the cell was forced to beat at r=200 msec, or about 37% faster than its intrinsic rate. This was a result of the fact that the stimulus fell at a constant 4 of 152 msec after every pacemaker discharge. This is in perfect agreement with the PRC, which predicts a cycle abbreviation of up to about 37% at 4 between 48% and 53% of Tf, (see Figure 2 ).
Further abbreviation of the stimulus frequency (BCL= 186 msec; Figure 3B ) resulted in a loss of the 1:1 phase locking; in this case, the stimulus phase 80 ioo abbreviated progressively on a cycle-to-cycle basis. This led to less and less phase advance induced by each stimulus until major delay occurred. Thereafter, the same sequence was repeated exactly. Indeed, in the entire run, for every five stimuli, there were only four responses, that is, a 5:4 pattern. Figure 6 is a derived PRC (see "Methods"). Data Figure 6 and that of Figure 2A . Figure 6 ) predicts that in entraining the cell, the spontaneous cycle may be prolonged by about 4% and abbreviated by as much as 34%. Qualitatively similar results were obtained in four other cells, in which 20-msec pulses with amplitudes ranging from 0.1 to 0.5 nA were used. In these other cells, for example, the limits of the PRCs were quite similar to those shown in Figure 6 . Entrainment properties of isolated sinus nodal cells. As previously stated, the range of entrainment possible with a particular stimulus can be dictated quantitatively by the limits of the PRC. Figure 7 shows the complete entrainment experiment that was used in the construction of the derived PRC in Figure 6 . Repetitive pulses (0.17 nA, 20 msec) at a fixed BCL were applied until a stable phase-locking pattern was established. The BCL was then reduced in steps of 10 msec, and the locking pattern was determined for each step. Figures 7A-7E show stable patterns of 1:1 (BCL=200 msec), 5:4 (BCL=180 msec), 4:3 (BCL=170 msec), 3:2 (BCL=160 msec), and 2:1 (BCL= 120 msec), respectively. Notice that the limits of entrainment at a given pattern are well fitted by the PRC in Figure 6 . Thus, pulses applied at a BCL FIGURE 7. Entrainment properties of an isolated sinus nodal cell during application of depolarizing pulses (0.17 nA, 20 msec). Pulses were applied repetitively at a fixed basic cycle length (BCL), until a stable stimulus :pacemaker discharge (n: m) pattem was established for that BCL. The BCL was reduced in steps of 10 msec. In panels A-E, top tracings are membrane voltage and bottom tracings are current pulses. In panel F, the reciprocal of the stimulus :pacemaker discharge pattern, that is, the entrainment (or activation) ratio (mln) is plotted against the stimulus BCL. Calibration bars represent 50 mV (vertical) and 400 msec (horizontal). Figure 7 shows a similarity to Figure 3, Figure 8 . A bias hyperpolarizing current (1 nA) was applied throughout, which resulted in a slow and somewhat variable period (mean=370+ 27 msec, CV=0.07, n =10). Seven spontaneous cycles are shown. A single pulse (amplitude, 0.3 nA; duration, 20 msec), applied during the repolarization phase after the seventh pacemaker discharge, annihilated the spontaneous activity and resulted in a change to the second (quiescent) state. Although a systematic scanning of the pacemaker cycle was not carried out in the experiment, the annihilation effect was phase dependent. For example, application of a current pulse at a phase of 240 msec (not shown) produced a 28% abbreviation of the pacemaker cycle, whereas the same pulse applied at a phase of 154 msec (not shown) resulted in 51% abbreviation. However, application of the same pulse at a phase of 110 msec terminated spontaneous activity. Although a fullblown action potential could be initiated after a second pulse was applied about 5 seconds later, the spontaneous activity did not resume. However, normal spontaneous activity was reestablished about three minutes later (not shown) when the bias current was switched off. Similar results were reported in the work of Landau et al,35 which showed that pacemaker activity annihilation was demonstrable in hyperpolarized cardiac models. In the second cell that was studied, no bias current was applied and the cell was repetitively stimulated at a BCL slightly greater than the spontaneous cycle. Depending on the phase of application, the pulses produced varying degrees of cycle length prolongation or abbreviation. In that experiment, however, spontaneous activity was suppressed (the activity replaced by a few cycles of subthreshold oscillations) but was subsequently reestablished after the pulse.
Phase Resetting in the Isolated Sinus Nodal Cell: Topological Attributes
The phase-resetting data presented in the preceding sections demonstrate that the isolated pacemaking cell from the sinus node has attributes typical of any oscillator. There exists a large body of experimental as well as theoretical work in which oscillations of whole-tissue and cell aggregate cardiac preparations have been analyzed using the topological theory of one-dimensional limit cycle oscillators.3410411,36 We attempted the same analysis, first, by determining the topological properties of the phaseresetting data in an isolated pacemaker cell. Second, the experimental data obtained during repetitive stimulation of the cell were compared for consistency with theoretical predictions of such an oscillator undergoing periodic forcing.
A usual way of carrying out such analysis is to start by constructing a PTC by using single pulses to systematically scan the spontaneous cycle of the oscillator (see "Methods"). For the experiments shown in Figures 6 and 7 , the single-pulse perturbation protocol was not available for the cell, given the difficult nature of the experiments. We therefore derived the PTC from the entrainment data shown in Figure 7 , and the results are shown in Figure 9 . Under the assumption that there is no memory effect, then the groups of points representing the different entrainment zones should lie on a curve, which should be equivalent to a PTC determined by the single-pulse method.15,16 Such a curve is shown by the solid line (fitted by eye) in Figure 9 . The dispersion of points around the curve may suggest some memory effect or noise. Although we cannot rule out memory effect completely, given the stimulation protocol stated in "Methods," the dispersion is probably associated mostly with noise caused by the changes in the spontaneous cycle length of the cell.
The analysis in Figure 9 shows that the properties of the isolated pacemaking sinus nodal cell subjected to external perturbations indeed approximate those of a one-dimensional limit cycle oscillator.3'1537 An important feature of the plot in Figure 9 is that the new phase is a monotonically increasing function of the old phase. Studies have previously shown that such a function (of the so-called "type 1" phase resetting3'37) is usually obtained when the perturbing input is of a low amplitude. Associated with this type 1 phase resetting10'11"15 is a series of different phaselocking or Wenckebach-like patterns, which is entirely predicted in the Farey sequence.15 As demonstrated in the experiment shown in Figures 7A-7E , several of these patterns were indeed obtained in this experiment during the repetitive stimulation of the cell. Type 1 phase resetting can also be characterized by a plot in which the new phase is a nonmonotonic function of the old phase and is obtained when the amplitude of the perturbing input is increased. In that case, however, both Wenckebach-like and more complex patterns are obtained.1'538 At very high amplitude levels of the perturbing input, type 0 phase resetting is obtained, and bistabilities and chaotic dynamics are encountered.
In Figure 10 , we subjected the assumptions in our analyses to a rigorous test by iterating the PTC plotted in Figure 9 . If, indeed, Figure 9 represents the PTC for our experiment, iteration of this curve with different BCLs should produce a sequence of activation such as shown in Figure 7F and, by the very nature of the iteration procedure, it should be possible to better approximate the sequence of activation that would be theoretically expected, such as seen in the Farey tree. 15 Furthermore, and most importantly, these phase-locking patterns generated by the iteration should occur at the same BCL values as were observed experimentally. The results of the iteration are shown in Figure 10 . In panel A, the solid line represents the activation sequence obtained by the iteration procedure, while the sequence obtained experimentally has been superimposed (filled circles). Although the filled circles should superimpose exactly on the solid line (given that both data sets are derived from the same experiment), some of the points do not, because the curve used for iteration was fitted by eye, resulting in a slight distortion of the PTC. Nonetheless, a good agreement was obtained. For example, in the plots determined either experimentally or by the iteration procedure, a 1:1 phaselocking pattern was obtained at a BCL of approximately 190 msec. At a BCL of 110 msec, a 2: 1 pattern emerged. Between these two phase-locking zones, 5:4 and 3:2 patterns were observed at BCLs of 170 and 140 msec, respectively. Indeed, certain phaselocking patterns, for example, 1: 1, 5: 4, 4:3, 3:2, and 2:1 (Figure lOA) , are present over relatively wide BCL values in the iterations, and these were the phase-locking patterns obtained experimentally (Figure 7) . Note, however, that many predicted patterns in Figure 10A, Figure 10A .
results of the iteration showing phase-lc terns at BCLs comparable to those obtaii mentally demonstrate that the plot in ] indeed equivalent to a PTC that could determined using the single-pulse protocol. Furthermore, the results show that for the pulse parameters used in this experiment, the phase-resetting behavior of the cell was topologically of the so-called type 1.3,15
Discussion We have used a mathematical model12 as well as single, enzymatically dissociated cells from the rabbit sinus node to study the effects of brief pulses of pacemaker activity. The predictions of the theoretical model were completely borne out in the isolated cells. Indeed, in both the model and the isolated sinus nodal cell, pacemaker activity showed phasic 210 240 sensitivity to application of single depolarizing or hyperpolarizing pulses, whereas repetitive depolarizing pulse application over wide frequency ranges resulted in various regions of stable entrainment. 1:1 Furthermore, analysis of the phase-resetting data from an isolated sinus nodal cell with the theory of phase resetting of limit cycle oscillators3,37 showed that this phase-resetting behavior approximates that -9:8 of a one-dimensional limit cycle oscillator. Thus, to our knowledge, the results of this study represent the most direct evidence for phase-resetting behavior in the sinus node and strongly support the hypothesis that rhythm coordination in such a structure is the result of electrotonically mediated interactions and mutual entrainment among thousands of spontaneously firing pacemaker cells. 4,5,32 190 200 Advantages and Limitations of Models 1mnn) plotted
The mathematical model used in our investigations solid lines in is of the Hodgkin-Huxley39 type and was first imple-)btained with mented in our laboratory by Michaels et a112 on the in Figure 9 .
basis of the equations of Yanagihara et al. 
Rhythm of the Isolated Sinus Nodal Cell
Regularity of rhythm is important in the type of analysis carried out in this paper. It has been previously reported that isolated single cells such as neonatal heart rat cells3233 or chick embryonic heart cells31 exhibit irregular rhythmic activity, suggested to be due to small fluctuations (noise) in membrane voltage. The high input resistance of those cells (0.5-10 Gfl) is such that small currents produce sizable voltage fluctuations, which will cause changes in the cycle length at different beats.
Although in the majority of the isolated sinus nodal cells spontaneous activity was irregular, there were also some cells that exhibited relatively stable rhythms. Irregularity in rhythm is expected, considering the high input resistance of these cells,23 but it is puzzling why there were differences in the variability of the rhythm, that is, why some cells have regular rhythms and the others do not. It is possible that the variability reflects the differences in cell types and therefore differences in membrane properties: the rabbit sinus node is a highly heterogeneous structure. 47 Alternatively, the variability in rhythm could simply reflect differences in viability of the cells after exposure to the enzyme medium.
It is noteworthy, however, that isolated rabbit sinus nodal cells have relatively fast beating rates; for example, Nakayama et a123 reported rates of 150-260 beats/ min, which are also comparable to those reported in our experiments (Figures 4, 5, and 7) . Variability in the length of spontaneous activity has been shown to be less with high intrinsic beating frequency in cultured rat heart cells. 48 This was explained on the basis that the effect of the noise-induced fluctuations in membrane voltage during diastolic depolarization will be more pronounced for longer diastolic intervals than for shorter ones, such that slowly oscillating cells will vary more in their interbeat intervals than those oscillating at fast intrinsic rates.
Phase Resetting and Entrainment of Pacemaker Activity: Simulations and Experiments in Single Cells
In previous studies4,5,9-11,49 perturbation techniques were used to study pacemaker synchronization mechanisms. In whole-tissue sinus nodal preparations4 and in pacemaking cell aggregates10 it was shown that a brief depolarizing current pulse may have a biphasic effect on the cell cycle length, causing an abbreviation or an acceleration in length depending on its phasic relation to the pacemaker cycle. The studies also showed that repetitive application of the pulse resulted in 1: 1 entrainment, or in simple harmonically related ratios, such as 2:1, 3:2, or 5:4. On the basis of those results, the proponents of the electrical hypothesis of synchronization then suggested that electrotonic interactions such as these must occur through gap junction channels, leading to mutual entrainment of individual spontaneously active cells in the sinus node. In this study, we have provided direct evidence to suggest that electrotonus may indeed mediate mutual entrainment.
The results in Figures 1 and 5 clearly show that phase resetting is a property inherent to the single cell. Because our preparations were single cells, the current amplitudes capable of phase resetting and entraining the cells were relatively small (0.1-0.5 nA). As expected, pulse amplitudes 50 times greater were used in the cell aggregate studies.10"11 However, the amount of current involved in the electrotonic interactions between cells must be different from the one reported in our study for two reasons. First, the duration of the current pulses used in our experiments (20 msec) is less than the duration of the current transferred electrotonically between coupled, spontaneously active cells given the duration (about 100 msec) of the action potential. Second, the conditions for electrode-to-cell contact are very different from the cell-to-cell contact across the gap junction channel. For example, the effect of the series resistance of the recording system is expected to limit the effective current delivered to the cell during stimulation. However, the predictions about entrainment from the phase-resetting data were completely demonstrated in both the model and the isolated cell. Thus, in the present case, 1:1 entrainment was always lost when the perturbing input caused a A4 beyond the limits of the PRC. Consequently, the single-cell PRCs (Figures 2 and 6 ) provided accurate descriptions of phase-locking phenomena, which may be directly extrapolated to the events associated with mutual interaction among two or more cells that ultimately result in synchronization. The dynamic interaction between a cell and an electrotonic input from its neighboring cell can lead to several patterns (simple and complex) of entrainment (Figures 3 and  7) . In the intact sinus node, these patterns will be expected to depend on a number of factors including the intrinsic frequencies of interacting cells as well as the extent of coupling between them.30 All the properties discussed above have been previously assumed, but not demonstrated, for the sinus node and, to our knowledge, this study is the first direct demonstration of such properties in single cells and thus represents the most direct evidence yet for the electrical hypothesis of pacemaker activity coordination.
With regard to the ionic mechanism of these phenomena, Michaels et a130 investigated the ionic basis of phase resetting by a depolarizing pulse by using the sinus nodal cell model. In that study, they showed that a depolarizing pulse applied early in the cell cycle slightly decreased the slow inward current and the fast sodium current momentarily and, by shifting total membrane current to an outward direction, resulted in a phase delay. The same pulse applied late in the cycle caused a phase advance by making the total membrane current inward, as a result of transient increases in the slow inward current and the fast sodium current.
Annihilation of Pacemaker Activity
Another important finding of the present work is that the rhythm of the isolated cell can be terminated by a brief pulse. In some previous studies,34 '50'51 it was shown that spontaneous activity could be terminated by a single subthreshold pulse of the appropriate strength and delivered at a critical phase of the cell cycle. Other studies10,52 reported, however, that it was impossible to terminate spontaneous activity in some types of preparation. Mathematically, annihilation of pacemaker activity has been explained on the basis of concepts derived from oscillatory theory, and it has been suggested that spontaneous activity in an oscillator can be terminated if the pulse applied moves the oscillator to a stable equilibrium point.11,53
The results in Figure 8 The inability of the current pulse to reestablish the pacemaker rhythm is unclear. Perhaps a complex topological structure of the separatrix between the stable limit cycle and the stable point could make it difficult for the same current pulse to move the system out of the stable point. In the second cell investigated no bias hyperpolarizing current was applied; after the delivery of the appropriate current pulse, pacemaker activity was replaced by subthreshold oscillations. Hence, in this case there was also suppression of activity, albeit transiently. Such a result, however, is also consistent with bistabilities and annihilation phenomena. 33 It is noteworthy that Jalife and Antzelevitch34'50 could terminate spontaneous activity in their preparations without the application of a bias hyperpolarizing current. We have not yet been able to establish whether a similar phenomenon could occur in an isolated pacemaker cell. Additional experiments will be required in this regard.
Topological Features of Phase Resetting
Previous studies1""16'49'54 have subjected cardiac pacemaking preparations to periodic stimulation, and the emergent rhythms were analyzed theoretically. Theory predicts that from the response of an oscillator to a premature stimulus, the behavior in the presence of repetitive application of such a stimulus can be predicted.3'37 The characterization of the topology of phase-resetting behavior with the single-pulse protocol is thus an important first step toward understanding the numerous complex patterns produced during periodic stimulation. Aspects of such a theoretical framework were used to analyze the phase-resetting properties of the isolated pacemaker cell in this study, but our determination was limited to the use of low-amplitude stimulation.
In the experiment shown in Figure 7 , the observed phase-locking patterns during periodic stimulation of the cell suggested that the perturbing stimulus, with an amplitude of 0.1 nA, produced a type 1 phase resetting, given the observed phase-locking patterns. The analyses carried out in Figures 9 and 10 clearly demonstrate that this was indeed the case. For example, in Figure 9 , the plot of the "new phase" monotonically increased as a function of the "old phase," and in Figure 10 , an infinite number of phase-locking patterns could indeed be produced by iterating the curve in Figure 9 (see Reference 16 for example). Figure 10 shows that there is a correspondence (in BCL values) between the activation sequence observed experimentally and that obtained by the iteration procedure. These observations indicate that, in this particular experiment, a memory effect (if at all present) did not play any significant role. Given the short durations in which the repetitive pulses were applied (see "Methods"), this is expected to be the case.
Overall, these observations may have very important implications in the understanding of cardiac pacemaker synchronization mechanisms. An understanding of the ionic basis of pacemaker synchroni-zation continues to be technically difficult, especially because of the complex and poorly understood ionic mechanisms involved in diastolic depolarization. 42 The results of the present study show that the dynamics of the pacemaker cell in the face of external perturbations can be accurately analyzed from a more global perspective. For example, because such dynamics approximate those of a one-dimensional limit cycle oscillator, they can be extensively studied by a firm body of existing theory. However, it will be important in the future, as these ionic mechanisms are better understood, to determine how they affect the topology of phase resetting.
Synchronization of Electrical Activity in the Sinus Node
Although the underlying mechanism of the coordinated discharge of sinus nodal cells is not well understood, mechanical',2 and electrical3-5 hypotheses have been proposed. The mechanical hypothesis suggests that synchronization of pacemaker activity results from the entrainment of the sinus nodal cells to the rhythmic pulsations in the sinus node artery' or from a direct mechanical interaction between the "leading" pacemaker cell and its neighbors.2 It is unlikely that synchronization results from the first proposed mechanisms because electromechanical latency is longer than the time needed for impulse transmission between neighboring cells.67 Furthermore, it is unlikely that sinus nodal cells, with relatively poor contractile machinery8 will depend on such a process for synchronization. Moreover, there is no evidence in the literature for the existence of a leading pacemaker cell or for a stretch-mediated interaction between closely apposed pacemaker cells of the sinus node.
Ultrastructural studies8 as well as electrophysiological and computer simulations,450 [10] [11] [12] [13] however, continue to suggest that synchronization is electrical, and results from phase-dependent, electrotonic interactions between cells, such as could occur through gap junctions.8 On the basis of these results, a hypothesis was proposed5 in which synchronization is seen as a "democratic" process involving mutual interaction among the individual pacemaking cells of the sinus node. In this study, we demonstrate that the isolated sinus nodal cell provides the most direct and quantitative means of studying the dynamics of such phase-resetting and entrainment phenomena.
